Background: Upper airway analysis is an often-cited use of cone beam computed tomography (CBCT) imaging in orthodontics. However, the reliability of this process in a clinical setting is largely unknown. Objective: Our objective was to systematically review the literature to evaluate the reliability of upper pharyngeal airway assessment using dental CBCT. Search methods: MEDLINE, EMBASE, Web of Science, and Google Scholar were searched through June 2015. Selection criteria: Human studies that measured reliability of upper airway assessment in patients using CBCT as part of the study protocol were considered. Data collection and analysis: The Preferred Reporting Items for Systematic Reviews and MetaAnalysis (PRISMA) was followed. Data were collected on overall study characteristics and measurements, CBCT unit and machine settings used, and examination characteristics of the included studies. Methodological quality of the included studies was evaluated. Results: Forty-two studies were evaluated, representing the CBCT scans of 956 patients. Studies included a wide variety of patients and CBCT machines with various scan settings. Only five studies were deemed high quality. The available evidence indicates that under specific restricted conditions there is moderate to excellent intra-and inter-examiner reliability. Airway volume demonstrated greater intra-and inter-examiner reliability than did minimum cross-sectional area. However, significant methodological limitations of the current literature, most importantly a lack of manual orientation of the images and selection of threshold sensitivity in study protocols, suggest that reliability has not been adequately established.
Introduction
Dental cone beam computed tomography (CBCT) became readily available in the late 1990s and revolutionized dental radiography.
Its interest has expanded in both dental research and clinical practice, among general dentists and specialists alike. The use of CBCT can range from traumatology and studying craniofacial anomalies to implantology. In the specialty of orthodontics, CBCT can have many uses such as assessing the location of supernumerary or impacted teeth and potential root resorption associated with these conditions (1) .
The relatively recent involvement of orthodontists with obstructive sleep apnea (OSA) in both children and adults has furthered the interest of CBCT in the assessment of the upper pharyngeal airway. Nasal obstruction and sleep disordered breathing have been shown to be associated with altered craniofacial growth in some patients (2) . More recently, common facial orthopaedic treatments have demonstrated effectiveness for paediatric OSA (3) . As such, the relationship of upper airway anatomy to sleep disordered breathing development and treatment continues to be an area of ongoing research. The ability to assess the upper pharyngeal airway in three dimensions and the lower radiation dose compared with medical CT imaging makes CBCT an attractive potential tool for the assessment of OSA patients (4) . However, it remains to be determined whether CBCT can provide anything beyond a qualitative assessment of upper airway anatomy. In order for CBCT to become a resource for quantitative airway assessment, its reliability as a measurement tool must first be established. For the purpose of this review, reliability is defined as the agreement between measurements for the same examiner (intraexaminer) or between different examiners (inter-examiner).
Therefore, the purpose of this study is to systematically review the literature to evaluate the reliability of upper pharyngeal airway assessment using dental CBCT.
Materials and methods

Protocol and registration
The protocol for the present systematic review was constructed a priori according to the Cochrane Handbook for Systematic Reviews of Interventions 5.1.0 and is available upon request. This systematic review follows the Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) statement (5), its extension for abstracts (6) , and was not registered.
Eligibility criteria
The following selection criteria were used for the systematic review:
1. Human studies involving patient data (not phantoms or simulated anatomy); 2. Use of CBCT imaging; 3. Assessment of the upper pharyngeal airway; and 4. Reliability reported.
Information sources, search strategy, and study selection
The electronic databases of MEDLINE, EMBASE, and Web of Science were searched through June 2015. The search tree used for the MEDLINE database is provided in Supplementary Appendix, and similar trees were used for the subsequent databases. The studies included were restricted to those written in the English language. A limited grey literature search was conducted using Google Scholar by limiting the examination to the first 100 most relevant hits. Authors were contacted to identify unpublished literature or ongoing studies and to clarify data as needed. The reference lists of the included studies were also searched for any relevant studies.
Assessment of the literature for inclusion in the systematic review and the extraction of data were completed independently and in duplicate by two investigators (JNZ and JL). Any discrepancies were resolved by consultation with the third author (BTP). Risk of bias/ quality assessment was also completed independently and in duplicate by two investigators (JNZ and BTP), with the third author (JL) resolving any discrepancies. The investigators were not blinded to the authors or the results of the research.
Data items and collection
Three different data extraction tables were developed. The first (Supplementary Table 1 ) recorded whether or not the study was randomized, sample size, age of the sample, whether or not the sample was syndromic, whether or not a control was used, if a gold standard was used, what kind of segmentation was used, the airway region measured, the measurements recorded (volume and/or minimum cross-sectional area), the reliability test used and statistics, imaging software used, and the threshold values used (if any).
The second data extraction table (Supplementary Table 2 ) recorded the CBCT machine used, field of view, tube current (mA), tube potential (kVp), exposure time (seconds), and resolution/voxel size (mm).
The third data extraction table (Supplementary Table 3 ) recorded the number of examiners, the number of times the measurements were repeated, the time period between repeated measurements, and the qualifications of the examiner(s).
Risk of bias/quality assessment in individual studies
Faced with a lack of an appropriately validated tool that is clearly indicated for risk of bias/quality assessment for reliability studies, it was decided to search for a method that was as systematic and objective as possible. A previously conducted systematic review on a similar topic was identified (7), and their assessment tool was used with minimal and appropriate adjustments to systematically assess the selected studies ( Figure 1 ). There were three main parameters evaluated: study design, study measurements, and data analysis. Each of these three parameters were divided further into subsections.
Study design was divided into whether or not the sample was randomized, whether or not the sample size was greater than or equal to 30 subjects, whether or not a control was used, whether a human sample was used, and the method of segmentation. Study measurements was divided into the gold standard used, the portion of the airway studied, and the measurement assessed. Data analysis was divided into the type of reliability assessed and the statistical test used. Each study was awarded a given number rating for fulfilling the sub-parameters, where each sub-parameter had a maximum rating that could be awarded (7) . If any of the sub-parameters were not fulfilled, then a zero was entered for that particular sub-parameter. The sum up to a maximum of 20 represented the overall quality of the study, with a higher rating signifying a higher quality of the study.
Synthesis of results and risk of bias/quality across studies
It was determined a priori that if the data extracted from each study was adequately homogeneous and the combination of the extracted data was valid, a meta-analysis would be conducted.
Results
Study selection
Of the 1241 studies that were screened, 43 articles satisfied the inclusion criteria (4, . However, due to the inability to make contact with the authors of one study in order to obtain the required data, this study had to be excluded (49) . A flowchart following the PRISMA format is provided (Figure 2 ), outlining the selection process employed.
Study characteristics
The selected studies included the CBCT scans of 956 patients evaluated for reliability of upper pharyngeal airway assessment. The studies exhibited considerable variations in sample size (ranging from 4 to 71 scans), mean patient ages (ranging from 8 to 48 years), imaging software, machine settings, and examiner protocols (Supplementary  Tables 1-3 ). The assessed scans were of a wide spectrum of patients, including those with various syndromes and patients receiving orthodontic treatment (Supplementary Table 1 ). The studies also used examiners with an array of qualifications including dental students, general dentists, orthodontic residents, orthodontists, physicians, maxillofacial surgeons, and dental radiologists (Supplementary Table 3 ).
The most commonly used CBCT machine was i-CAT (Imaging Sciences International), and the most frequently used imaging software was Dolphin Imaging ® . A majority of the studies used intraclass correlation coefficient (ICC) as the reliability statistic, followed by Dahlberg's formula being the next most common statistical analysis.
Risk of bias/quality of studies
There were 42 studies that were assessed for methodological quality (Table 1) . For a maximum score of 20, score not less than 13 was deemed as a high-quality study. Only 5 of the 42 studies fulfilled this criteria (10, 16, 18, 23, 34) .
The major methodological limitation was the lack of a gold standard used in the study. The next two biggest limitations were sample size and lack of a control group. Randomization of the sample was another key limitation indicating the potential risk of bias.
Summary description of the studies
All of the included studies assessed intra-examiner reliability. However, only 7 of the 42 included studies (approximately 17 per cent) (12, 16, 20, 23, 26, 34, 42) and only 3 of the 5 high-quality studies (60 per cent) (16, 23, 34 ) assessed inter-examiner reliability. From the high-quality studies, upper airway volume showed good-to-excellent intra-examiner reliability (0.880-0.990) and minimum cross-sectional area showed moderate-to-excellent intra-examiner reliability (0.780-0.999). Upper airway volume demonstrated excellent interexaminer reliability (0.986-0.998), whereas minimum cross-sectional area demonstrated moderate-to-excellent inter-examiner reliability (0.696-0.988). Both intra-and inter-examiner reliability varied depending on which section of the upper pharyngeal airway was assessed.
According to the high-quality studies, intra-examiner reliability for total airway volume ranged from 0.987 to 0.990, and interexaminer reliability from 0.950 to 0.992. Intra-examiner reliability for nasopharyngeal airway volume ranged from 0.880 to 0.992, whereas inter-examiner reliability was 0.986. Intra-examiner reliability for oropharyngeal airway volume ranged from 0.990 to 0.999 and inter-examiner reliability was 0.998. Intra-examiner reliability for hypopharyngeal airway volume ranged from 0.994 to 0.996 and inter-examiner reliability was 0.994. The boundaries for each region of the upper pharyngeal airway are provided in Table 2 .
Only 19 of the 42 included studies (approximately 45 per cent) (4, 14, 17, 18, 21, 23, 24, 26, 27, 33-35, 37, 39-41, 43, 44, 46) identified the qualifications of the examiners, with only 2 of the 5 highquality studies (40 per cent) (18, 34) doing so. Furthermore, only 1 of the studies used more than two examiners (34) . The intra-and interexaminer reliabilities of both airway volume and minimum cross-sectional area did vary depending on the qualifications of the examiners.
A majority of the studies did not assess the upper pharyngeal airway in its entirety, with only 8 of the 42 included studies (approximately 19 per cent) (4, 11, 17, 29-31, 34, 45 ) and 1 of the 5 high-quality studies (20 per cent) (34) doing so. Additionally, many of the studies did not assess both airway volume and minimum crosssectional area. Only 28 of the 42 included studies (~67 per cent) (4, 8, 12, 15, 16, 19, 21, 23-25, 28-31, 34, 35, 38, 39, 42-48 ) and 4 of the 5 high-quality studies (80 per cent) (10, 16, 23, 34) measured both.
Most importantly, not a single study had the examiners orient the scan on their own. Equally as critical, none of the studies had the examiners assign the appropriate sensitivity threshold value for each scan on their own.
Synthesis of the results
The studies generally show high intra-examiner reliability with lower inter-examiner reliability. Furthermore, airway volume demonstrated greater intra-and inter-examiner reliability than did minimum cross-sectional area. Many of the studies only assess intra-examiner reliability and do not address inter-examiner reliability. A majority of the studies do not assess the upper pharyngeal airway in its entirety, and several of the studies do not evaluate both airway volume and minimum cross-sectional area. Less than half of the studies provide the qualifications of the examiners evaluating the scans. Furthermore, none of the studies allow for manual image orientation or manual selection of the airway sensitivity threshold by the examiners themselves.
Additional analysis
Considering the significant heterogeneity between study protocols in terms of field of view, scan settings, indication for image acquisition, and the machine type used, a meta-analysis of the results was not possible.
Discussion
This systematic review was performed to assess the reliability of CBCT measurement of the upper airway, a process that has become increasing more common in the field of orthodontics. The practical aspects of airway analysis of a DICOM file generated from a CBCT scan of a patient generally involves several steps, each with its own potential for error. Orientation of the image is typically the first step following opening of the file in a software program used for the analysis. As the boundaries for the airway are most commonly based on lines parallel to horizontal plane of the image instead of internal landmarks, a standardized method of orientating the field of view in the frontal, sagittal, and coronal planes is essential to consistent measurement. Following image orientation, the appropriate slice on Table 1 . Evaluation scores of the included studies (n = 42). which the airway boundaries are identified is chosen. The second step of the process requires the landmarks defining the boundaries of the airway to be then identified. Either of these initial steps is subject to some level of variability and operator error and should be accounted for when assessing method error. Indeed, in their study of CBCT software accuracy for airway analysis, Weissheimer et al.
(41) used a predefined and orientated airway segment in order to 'eliminate variability introduced by using different imaging software programs to define the oropharyngeal airway'. The final step in airway measurement typically is to then choose the sensitivity threshold value at which the software program will differentiate soft tissue from air within the patient's anatomy. This value is selected on a sliding scale, and it allows for the software to distinguish between soft tissue and airway by their radiodensities at the level of each voxel. The examiner does this by increasing the threshold value along the scale until the entire airway is shaded in by the software. It should be noted that the same threshold sensitivity value cannot be assigned to all patient scans as you can under-or overfill the airway, thereby risking under-or overestimating the airway volume (50) . It is the authors' experience that this last step of choosing a threshold value is the most subjective and prone to effecting measurement accuracy and reliability. This has been also been discussed by others (18, 41) .
The search strategy for this review was designed to include all studies that reported the method error or reliability of airway measurement as part of the study protocol. However, three studies investigated reliability of CBCT in airway measurement as the specific aim of the study. The first of these studies was conducted by GuijarroMartinez and Swennen (23) who assessed 35 non-syndromic patients aged between 23 and 35 years. Two examiners assessed the patient scans twice separated 4 weeks apart. They found that airway volume had excellent reliability, with an intra-examiner reliability of 0.981-0.999 and inter-examiner reliability of 0.986-0.998. Furthermore, they found that minimum cross-sectional area had good-to-excellent reliability, with an intra-examiner reliability of 0.780-0.937 and an inter-examiner reliability of 0.839-0.876. Intra-examiner reliability varied depending on the specific part of the airway being assessed and the educational background of the examiner. Some limitations of this study are that the total airway volume was not assessed, only two examiners were used, image orientation was not specified to be performed by the examiners, and manual selection of the sensitivity threshold value was not indicated to have been used in the final assessment.
The second study was conducted by De Souza et al. (16) who assessed 60 non-syndromic patients with a mean age of 17.86 years. Two examiners assessed the patient scans twice separated by a 2-week interval. They found that total airway volume had excellent reliability, with an intra-examiner reliability of 0.99 and an interexaminer reliability of 0.95. Nasopharyngeal minimum cross-sectional area had good-to-excellent reliability, with an intra-examiner reliability of 0.93-0.98 and an inter-examiner reliability of 0.88. Oropharyngeal minimum cross-sectional area had excellent reliability, with an intra-examiner reliability of 0.98-0.99 and interexaminer reliability of 0.98. One limitation of this study is that the authors did not assess the reliability of each section of the upper airway in regards to volume. Also, the hypopharynx was not assessed at all on its own for reliability of volume or minimum cross-sectional area assessment. Furthermore, there was no mention in the study as to whether or not image orientation and selection of the sensitivity threshold values was conducted manually. Lastly, only two examiners were used and their educational backgrounds or experience levels with the process were not provided.
The third study was conducted by Mattos et al. (34) who assessed 12 non-syndromic patients of unspecified age. Three examiners assessed the patient scans twice separated 2 weeks apart. They found that airway volume had excellent reliability, with an intraexaminer reliability of 0.987-0.995 and an inter-examiner reliability of 0.992. Minimum cross-sectional area had moderate-to-excellent reliability, with an intra-examiner reliability of 0.869-0.999 and an inter-examiner reliability of 0.696-0.988. Intra-examiner reliability depended on the specific location of the upper airway assessed and on the educational background of the examiners. Inter-examiner reliability depended on the specific location of the upper airway assessed. One limitation of this study is that the authors did not assess the reliability of each section of the upper airway in regards to volume. Furthermore, image orientation and sensitivity threshold value selection was not conducted by the examiners.
Limitations of the available evidence
In order to truly assess the reliability of CBCT as a tool to quantitatively measure the airway, the entire procedure of image processing from image orientation to segmentation of the airway and the selection of threshold value must be evaluated, as all three steps are fraught with subjectivity on the part of the examiner. However, the results of this systematic review have demonstrated that the reliability Table 2 . Definitions of the anatomic boundaries for each region of the upper pharyngeal airway. PNS, posterior nasal spine. and method error reported in the included studies have only assessed the examiners' ability to reliably segment the airway. None of the studies have allowed for the examiners to orient the image or select the sensitivity threshold value manually despite this being essential to the process. Therefore, even though the studies indicate moderate-toexcellent reliability, two-thirds of the airway measurement protocol have been largely unexamined in the included studies. Furthermore, the majority of the studies limited their assessment to intra-examiner reliability and did not consider inter-examiner reliability. Inter-examiner reliability is just as important as intra-examiner reliability, as diagnostic consistency is not only essential within one professional but amongst professionals as well. There is a wide range of healthcare professionals that would assess the airway of patients with CBCT, and operator experience has been previously shown to influence airway measurement reliability (51) . Often a team of professionals spanning different disciplines form a sleep team treating affected patients. It is also important for reliability amongst healthcare professionals with different backgrounds and training and this is something not readily addressed in the current literature.
For the above reasons, combined with the fact that many studies do not assess the upper pharyngeal airway in its entirety, the reliability of CBCT to assess the upper airway has not been adequately established. Further studies taking all sources of variability into account are still required to truly determine how reliably CBCT scans of patients can assess volume and minimum cross-sectional area of the upper pharyngeal airway.
Clinical implications
It is important to note that ALARA principles and SedentexCT guidelines condemn the indiscriminate use of CBCT, stating that its use should be reserved for selected orthodontic cases where conventional radiography cannot provide necessary diagnostic information (52) . Therefore, not only should radiation exposure be kept to a minimum but the use of CBCT examinations for any particular orthodontic patient should be justified.
The CBCT assessment of airway has become commonplace in many areas of orthodontic research, with anatomical linear and volumetric measurements being used to assess the effect of various orthodontic and surgical treatments. This is despite the fact that a validated and optimized CBCT protocol for airway imaging remains elusive (7) . The first step towards this goal would be to determine CBCT's reliability for upper airway assessment. Although the current literature suggests that there is moderate-to-excellent reliability, careful examination of the limitations of the current evidence implies that this question is still unanswered.
Future research should be directed at improving the quality of evidence by addressing both intra-examiner and inter-examiner reliability while using ICC to describe the variation in measurement (7). Furthermore, reliability should be assessed for both volume and minimum cross-sectional not only for the total upper pharyngeal airway but also for its component sections: the nasopharynx, oropharynx, and hypopharynx. The anatomical boundaries for each section of the upper pharyngeal airway should also be clearly defined and standardized. Having many examiners conducting such an assessment would be beneficial, along with assessing whether and how reliability changes depending on the examiners' educational background and clinical experience. There was not sufficient data in the high-quality studies to compare reliability between paediatric and adult patients, but such a study could be beneficial. Lastly, a meaningful study will allow the examiners to manually perform all steps actually required for assessing the upper pharyngeal airway including image orientation, landmark identification, and selection of the threshold sensitivity for the DICOM file.
Conclusions
Based on the current and limited evidence, upper pharyngeal airway assessment with CBCT demonstrated moderate-to-excellent intra-and inter-examiner reliability for volume and minimum cross-sectional area. However, caution is warranted in interpreting these findings as CBCT reliability has only been examined under controlled conditions, which artificially restricts potential sources of variability. Furthermore, airway volume demonstrated greater intraand inter-examiner reliability than did minimum cross-sectional area. However, limitations of the current evidence suggest that more research needs to be conducted to adequately determine the reliability of upper pharyngeal airway assessment using dental CBCT.
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